ABSTRACT Cellular immune responses, chemokine, and cytokine profiles were investigated in 20-d-old turkey poults following an oral infection with 12.5 × 10 3 oocysts of Eimeria adenoeides, a protozoan parasite of the genus Eimeria that develops in the ceca. Large numbers of oocysts were produced in the feces of infected birds from d 5 after infection followed by a rapid decline by d 7. Local immune activities were characterized by observing the extent of leukocyte infiltration in the ceca by histology, measuring subsets of the lymphocyte population by immunohistochemistry, and determining the relative expression of cytokines by real-time, reverse-transcription PCR. Inflammation, assessed by scoring the extent of cellular infiltration of leukocytes in sections of ceca, was significantly higher in infected poults compared with uninfected poults on d 4, 7, 9, and 11 following infection. The percent area occupied by CD4+ and CD8+ cells in the ceca was significantly greater on d 9 and 11 (CD4+) and d 11 (CD8+) in infected poults compared with uninfected controls. The relative expression of the chemokine CXCLi2 and the cytokines interleukin (IL) 1β, interferon (IFN) γ, IL13, and IL10 was investigated in tissue samples taken from the ceca. Increased expression of CXCLi2 occurred on d 4 and 7. Increased expression of IL10 and IFNγ occurred on d 4 and of IL1β and IL13 occurred on d 7 postinfection. The increased leukocyte infiltration in the ceca, alterations in the lymphocyte subpopulations, and changes in expression of chemokines and cytokines are an indication of the cell-mediated immune mechanisms occurring in the host as a result of exposure to E. adenoeides.
INTRODUCTION
Coccidiosis is a widespread disease of the intestines of poultry caused by protozoan parasites of the genus Eimeria. In the turkey, acquisition of immunity plays an important role in the control of the disease, and yet almost nothing is known regarding the mechanisms of immunity in this host (Chapman, 2008) . Previously, it was shown that turkey poults infected with 12.5 × 10 3 oocysts of Eimeria adenoeides developed immunity to a challenge infection given at 34 d of age (Gadde et al., 2009 ). Significant elevations in white blood cell concentrations in peripheral blood were demonstrated following infection. Changes in the concentration of CD4+ and CD8+ lymphocyte subpopulations in peripheral blood were also shown in infected poults compared with uninfected control poults. It was concluded that during the course of a primary infection of E. adenoeides, immune activities are initiated that are observable in the peripheral circulation and involve components of both innate and adaptive immunity.
In this study we further investigated local cellular immune activities in the ceca of young turkeys following a primary infection with E. adenoeides. We examined the extent of leukocyte infiltration in cecal sections stained with hematoxylin and eosin, and characterized subsets of lymphocytes in the cecum by immunohistochemistry. Moreover, to gain insight into local innate and adaptive immune activities, we used real-time, reversetranscription (RT) PCR to investigate changes in the relative gene expression of the chemokine CXCLi2 and the cytokines interleukin (IL) 1β, interferon (IFN) γ, IL13, and IL10 in tissue samples taken from the ceca of turkeys following infection with E. adenoeides.
MATERIALS AND METHODS

Birds and Husbandry
Sixty female turkey poults (Nicholas 88) were used in the experiment. They were obtained from a local hatchery and reared in a cage brooder in an isolation building at the University of Arkansas at a stocking density of 257 cm 2 /poult and a brooder temperature of 35 to 38°C. At 17 d of age, all poults were identified with a unique wing band number and randomly allocated to 6 clean cages (10 poults/cage) in each of 2 separate battery units. Their husbandry followed procedures described previously (Gadde et al., 2009 ). This study was approved by the university Institutional Animal Care and Use Committee and followed FASS guidelines for agricultural research.
Experimental Design
The experimental design involved 2 treatments: poults infected with E. adenoeides and uninfected controls. Each treatment comprised 3 cages of 10 poults. Cages containing poults of each treatment were kept in different battery units to reduce the possibility of accidental transfer of oocysts from infected to uninfected birds. Commencing on d 5 after infection and continuing to experiment termination on d 11, poults were transferred daily to an adjacent cage that had been thoroughly cleaned. This procedure further reduced the likelihood of reinfection with new oocysts produced during the acute phase of the life cycle.
Infection
The oocysts of E. adenoeides were propagated 2 wk before the experiment, and doses for infection were prepared according to standard methods (Shirley, 1995) . Three days after placement in cages, at 20 d of age, all poults were weighed individually and either inoculated orally with 12.5 × 10 3 oocysts of E. adenoeides in 1 mL of water or given a sham dose of water (uninfected controls). This dose has been shown to cause depression of weight gain without mortality (Gadde et al., 2009) . Feces from each cage were collected daily and the numbers of oocysts present determined (Shirley, 1995) . Results were expressed as the total number of oocysts produced per poult for the 24-h period of collection.
Tissue Collection
Immediately before infection (d 0) and on d 4, 7, 9, and 11 after infection, 2 poults were randomly selected from each cage (6 poults/treatment), weighed, and killed by inhalation of carbon dioxide gas. The ceca were collected and rinsed thoroughly in Dulbecco's phosphate buffered saline (DPBS; Sigma Chemical Company, St. Louis, MO) to remove as much material from the lumen as possible. Two 1-cm sections were taken from the mid-part and blind-end of each cecum. They were fixed in 10% buffered formalin for histological examination or placed in cold DPBS until being snap frozen in OCT (Tissue-Tek, Sakura Finetek Inc., Torrance, CA) using liquid nitrogen for immunohistochemistry. An additional sample was taken from the middle of one cecum, collected in RNA preservation buffer (RNAlater, Applied Biosystems, Foster City, CA), and stored at −20°C until use for isolation of RNA and gene expression analysis.
Leukocyte Infiltration
Samples from the mid-part and blind-end of one of the ceca were embedded in paraffin, and sections (one section from each part), about 5 μm thick, were stained with hematoxylin and eosin. Stained tissues were examined at 100× magnification with a bright field microscope. An indication of the cellular infiltration in response to infection was obtained by subjectively assessing the extent and nature of leukocyte infiltration into the mucosa and submucosa of the entire section, requiring evaluation of 8 to 10 microscope fields per section. A numerical score was assigned where 0, 1, 2, and 3 represented no leukocyte infiltration and mild, moderate, or severe infiltration, respectively. The nature of the leukocyte infiltrate was characterized as mononuclear, granulocytic, or a mixture of granulocytes and mononuclear cells based on the distinct morphological characteristics of these cell types.
Immunohistochemistry
Cross sections 6 μm in thickness were obtained from frozen cecum samples, using a cryostat at −24°C (Leica CM3050, Leica Microsystems Inc., Bannockburn, IL). The sections were mounted on polylysine-coated slides, fixed in acetone for 5 min, and air dried. They were then incubated overnight with DPBS containing 10% horse serum to block nonspecific binding sites. After overnight incubation, the sections were washed with DPBS and incubated for 30 min with primary antibodies. The antibodies used were unlabeled mouse anti-chicken CD4 (clone CT-4; IgG1) and mouse antichicken CD8α (clone 3-298; IgG1) antibodies (Southern Biotechnology Associates Inc., Birmingham, AL) known to cross-react with turkey CD4 and CD8, respectively (Li et al., 1999) . After 30 min of incubation, the sections were washed to remove any unbound primary antibody and then incubated for 30 min with a secondary antibody (biotinylated horse anti-mouse IgG; Vector Laboratories Inc., Burlingame, CA). The sections were washed once more and then incubated for 30 min with avidin-biotin peroxidase complex (Vectastain Elite ABC reagent, Vector Laboratories Inc.). Binding of the ABC reagent to the biotinylated secondary antibody was detected by incubating the sections with 3, 3′-diaminobenzidine (DAB, Sigma Chemical Co.). The sections were washed and then counterstained with Harris Hematoxylin (Electron Microscopy Sciences, Hatfield, PA) for 30 s, dehydrated, and covered with water-soluble mounting medium (Aquamont, Thermo Shandon Inc., Lerner Laboratories, Pittsburgh, PA). Staining controls for both primary and secondary antibody were included by incubating the sections with an isotype control (IgG1 isotype control from murine myeloma; Sigma Chemical Company) instead of specific primary antibody or without primary antibody, respectively. The stained sections were analyzed using Image-Pro Plus 6.2 (Media Cybernetics, Silver Springs, MD) connected to an Olympus BX50 light microscope (Olympus, Center Valley, PA) at 100× magnification. The percentage area occupied by immunostained (brown) cells (CD4+ lymphocytes and CD8+ lymphocytes) in each of the sections from the 2 parts of the cecum was estimated.
Isolation of RNA, Reverse Transcription, and Real-Time PCR
Total RNA was isolated from the cecum samples stored in RNAlater, using an RNeasy Mini Kit (Qiagen Inc., Valencia, CA). Approximately 30 mg of cecal tissue was homogenized in lysis buffer, and RNA was isolated following the manufacturer's instructions. An additional DNase digestion step was included to remove any contaminating DNA. The quantity of RNA was assessed by spectrophotometry (Genesys 10, Thermospectronic, Rochester, NY) measuring absorbance at 260 nm and checked for purity by measuring its OD 260 / OD 280 ratio (OD = optical density). The RNA (eluted in 30 μL of RNase-free water) was stored at −80°C until it was required for RT to cDNA using a high-capacity cDNA RT kit (Applied Biosystems, Foster City, CA). For RT of RNA, the reaction mixture comprised 2 μg of RNA per sample, 4 μL of 10× RT buffer, 1.6 μL of 25× dNTP mix (100 mM), 4 μL of 10× RT random primers, 2 μL of MultiScribe Reverse Transcriptase (50 U/μL; Applied Biosystems), and nuclease-free water to make up a final volume of 40 μL. The reaction was carried out in a thermal cycler (Genius Thermal Cycler, Techne Inc., Princeton, NJ); cycling conditions were 25°C for 10 min, 37°C for 2 h, and 85°C for 5 min. The cDNA samples were divided into aliquots and stored at −20°C.
Differential expression of the chemokine CXCLi2 and cytokines IL1β, IFNγ, IL13, and IL10 in the cDNA samples was assessed by real-time PCR using an Applied Biosystems 7300 sequence detection system (Applied Biosystems). Previously published primer and probe sequences specific for the chicken and turkey, or turkey only, were used (Mayne et al., 2007) . These sequences are shown in Table 1 . All probes were labeled with 6-carboxyfluorescein at the 5′ terminus and 6-carboxytetramethylrhodamine at the 3′ terminus. The reaction mixture for each sample comprised 2 μL of cDNA, 12.5 μL of Taqman universal PCR master mix (Applied Biosystems), 200 nM forward primer, 200 nM reverse primer, 100 nM probe, and nuclease-free water to make up a final volume of 25 μL. The cycling conditions used were one cycle at 50°C for 2 min, one cycle at 95°C for 10 min, and 40 cycles at 95°C for 15 s and 60°C for 1 min. All the samples were analyzed in triplicate for target genes and in duplicate for the endogenous control (28S RNA). Negative controls were included to check for nonspecific amplification of primers and probes. A calibrator sample (a pool of cDNA from uninfected birds on d 0) was also included in each plate. Differences in the relative expression of the target genes were quantified by the delta delta C T (2 −ΔΔCT ) method described by Livak and Schmittgen (2001) .
Data Analysis
Statistical analysis was carried out using JMP software (version 8.0.2, SAS Institute Inc., Cary, NC). All the data were expressed as mean ± SEM for each treatment. Because of the presence of interactions between the 2 parameters (day and treatment) in 2-way ANOVA, the data were analyzed by one-way ANOVA to compare the 2 treatments on each day. For daywise comparison within each treatment, the data were analyzed by one-way ANOVA and the means separated by Tukey's honestly significant difference test. Results were considered to be significantly different if P ≤ 0.05.
RESULTS
Oocyst Production
The time course of appearance of oocysts in the feces following infection is shown in Figure 1 . Oocysts were first produced from d 4 to 5; numbers peaked by d 5 and 6 and subsequently rapidly declined by d 7. Small numbers of oocysts were still being produced from d 10 to 11.
Leukocyte Infiltration
No difference was observed in sections taken from the mid-part and blind-end of the cecum, and therefore their scores were combined. Little infiltration, if any, was observed in uninfected poults or infected poults on d 0 (Table 2) . Cellular infiltration, consisting especially of mononuclear cells, was observed in infected poults and was significantly higher when compared with controls on d 4, 7, 9, and 11 after infection. Compared with d 0, infiltration in the ceca of infected poults was significantly higher at all time points examined (Table  2) . Infiltration was highest on d 4 followed by a subsequent decline.
Immunohistochemistry
The data for the mid-part and blind-end of the ceca were combined because there were no differences observed between the 2 parts. In both the uninfected and the infected poults, the percent area occupied by CD4+ and CD8+ lymphocytes in the mucosa and submucosa increased with age of the poults. However, compared with uninfected poults, the percent area occupied by CD4+ and CD8+ lymphocytes in infected poults was higher (P < 0.05) on d 9 and 11 (CD4) and on d 11 (CD8) of infection, respectively (Table 3) . Although the percent area estimates of CD4+ and CD8+ lymphocytes were based on examination of the entire mucosa and submucosa of the tissue sections, stained lymphocytes were primarily located in the lamina propria and epithelium.
Real-Time PCR
Mean fold changes in chemokine and cytokine expression in comparison to the calibrator are presented in Table 4 . The mean fold change of CXCLi2 in infected poults was significantly increased on d 4 and 7 com- (Table  4) .
No differences were observed in the relative gene expression of all the genes observed on different days of infection in uninfected poults. The relative expression of CXCLi2, IFNγ, and IL10 in the infected poults was significantly higher on d 4 of infection, and that of IL13 was higher on d 7 of infection compared with all the other days of infection. No differences were seen in the relative expression of IL1β in infected poults on different days of infection.
DISCUSSION
Eimeria adenoeides is highly pathogenic, causing very high mortality and reduced weight gain in young turkey poults (Clarkson, 1958 ). An objective of this study was to investigate inflammatory responses and cellular immune activities occurring in the cecum, the site of multiplication of the parasite. Rigorous procedures were adopted to prevent unintentional reinfection, and therefore the oocyst output and infection-associated immune activities observed were a consequence of the inoculum of oocysts given to the poults. In other published studies no obvious precautions to prevent reinfection, a prerequisite for investigating responses to a primary infection, were carried out.
An indication of the inflammatory response to infection was obtained by assessing leukocyte infiltration into the mucosa and submucosa of the ceca. Infiltration with mononuclear leukocytes (lymphocytes and macrophages) was significantly elevated in infected poults and remained high throughout the course of infection, indicating the initiation of immune activities in the host. Infiltration of inflammatory cells into the intestinal mucosa and production of inflammatory mediators are important components of intestinal immunity Table 2 . Score for severity of leukocyte infiltration in sections from the mid-part and blind-end of ceca from turkey poults infected with Eimeria adenoeides 1 The poults at 20 d of age were infected with 12.5 × 10 3 oocysts of E. adenoeides or given a sham dose of water. They were moved to clean cages daily from d 5 of infection to prevent reinfection with oocysts that were shed in the feces.
2 Leukocyte infiltration was scored on a 0 to 3 scale, where 0, 1, 2, and 3 represented no infiltration or mild, moderate, or severe infiltration, respectively. One section from each part was used for scoring. An average of 8 to 10 fields were observed for each section, and infiltration was characterized as mononuclear, granulocytic, or a mixture of both. A numerical score was assigned to each section. Results for the mid-part and blind-end of each cecum were combined. For each treatment, values are the mean ± SEM for 6 poults. 1.05 ± 0.11 x,b 1.59 ± 0.06 w,a 1.55 ± 0.12 x,b 1.98 ± 0.07 xy,a a,b For each day, values in a row (under each subset of lymphocytes) with no common superscript show significant differences (P ≤ 0.05).
w-z For each treatment, values in a column with no common superscript differ significantly (P ≤ 0.05).
1 The poults at 20 d of age were infected with 12.5 × 10 3 oocysts of E. adenoeides or given a sham dose of water. They were moved to clean cages daily from d 5 of infection to prevent reinfection with oocysts that were shed in the feces.
2 The percent area occupied by CD4+ and CD8+ lymphocytes was obtained by indirect immunohistochemical staining of cecal sections using anti-chicken CD4 (clone CT-4) and anti-chicken CD8α (clone 3-298) specific mouse monoclonal antibodies (Southern Biotechnology Associates Inc., Birmingham, AL) and Vectastain Elite secondary reagents (Vector Laboratories Inc., Burlingame, CA). For each treatment, values are the mean ± SEM for 6 poults. and occur during infection and repair of damaged tissue (Nathan, 2002; Bourlioux et al., 2003) .
Characterization of the cellular immune response at local sites of parasite development is important to understand mechanisms of cell-mediated immunity . In this study, T cell distribution was investigated by immunohistochemical staining of cecal tissue. The percent area occupied by CD4+ cells (T helper cells) was significantly higher on d 9 and 11 in infected poults than in uninfected poults. The percent area occupied by CD8+ cells was elevated on d 11 in infected poults. An increase in the area occupied by T helper and cytotoxic lymphocytes suggests greater numbers of these cells at the site of parasite multiplication and indicates initiation of specific effector-cell-mediated immune activities against parasitic stages in intestinal tissue. Whereas specific subsets of T cells were found to be elevated in stained sections only from d 9, increased infiltration of mononuclear leukocytes was observed from d 4 following infection. The leukocytes infiltrating cecal tissue on d 4 and 7 may be mostly macrophages, along with CD4-and CD8-negative lymphocytes such as γδ T cells and B cells that were recruited to the mucosa because of the inflammatory activities initiated by infection. On the other hand, the infiltration of CD4+ and CD8+ lymphocytes observed on d 9 and 11 postinfection may mark the arrival of effector lymphocytes (T helper and cytotoxic, respectively). Similarly, a biphasic increase in numbers of CD4+ and CD8+ T lymphocytes was observed in the epithelium and lamina propria of the small intestine of chickens following infection with E. maxima (Rothwell et al., 1995) .
An objective of this study was to investigate gene expression of various chemokines and inflammatory cytokines in infected ceca. Because antibodies to turkey cytokines and chemokines were not available, the relative gene expression was investigated at the transcriptome level rather than the protein level. Chemokines, such as CXCLi2, act as mediators for leukocyte recruitment during the course of inflammation in Eimeria infections (Hong et al., 2006b ). The relative expression of CXCLi2 was found to be significantly increased in infected poults on d 4 and 7, which is consistent with the recruitment of mononuclear leukocytes in the ceca during the acute phase of the infection. In the chicken, expression of chemokine IL8 was found to be increased following infection with E. tenella, E. maxima, and E. acervulina (Laurent et al., 2001; Swinkels et al., 2006; Cornelissen et al., 2009 ), attesting to similar leukocyte recruitment efforts during Eimeria infection.
The important inflammatory cytokine IL1β, most commonly produced by activated macrophages, plays an important role in the innate immune response and helps in recruitment of inflammatory cells to the site of infection (Hong et al., 2006b) . In this study, expression levels of IL1β were elevated, but because of high variability, significant differences between infected and uninfected controls were only observed on d 7. In chickens infected with E. tenella or E. maxima, an approximately 80-and 27-fold change in IL1β expression occurred in the cecum and jejunum, respectively, following infection. In another study in chickens, intestinal intraepithelial lymphocyte gene transcripts for IL1β were upregulated following infection with E. acervulina or E. tenella (Hong et al., 2006a) .
Interferonγ is a signature cytokine for cell-mediated immune responses. It is produced primarily by CD4+ type-1 T helper (Th1) cells, activated cytotoxic T cells, and natural killer (NK) cells. Cytokine IFNγ plays an important role in the activation of macrophages harboring intracellular pathogens, enhancement of antigen presentation, and differentiation of Th1 cells (Wigley and Kaiser, 2003) . The expression of IFNγ was significantly elevated on d 4, suggesting macrophage activation and amplification of the inflammatory response. The poults at 20 d of age were infected with 12.5 × 10 3 oocysts of E. adenoeides or given a sham dose of water. They were moved to clean cages daily from d 5 of infection to prevent reinfection with oocysts that were shed in the feces.
3 Relative gene expression was measured by real-time, reverse-transcription PCR. The data were analyzed using the 2 −ΔΔCT method and expressed as fold change in comparison to the calibrator sample. For each treatment, values are the mean ± SEM for 6 poults.
Several studies have shown an increase in IFNγ expression in chickens infected with Eimeria (Yun et al., 2000; Laurent et al., 2001; Hong et al., 2006a,b; Cornelissen et al., 2009 ). In the current study, the early rise in IFNγ expression is likely due to local intraepithelial lymphocytes and possibly NK cells (Abbas et al., 2010) . With the arrival of CD4+ and CD8+ effector lymphocytes, the relative IFNγ expression levels appear to rise again on d 11, although because of high variability this increase was not significant.
Interleukin 13 is produced mainly by CD4+ type 2 T helper (Th2) cells in addition to epithelial cells (Hong et al., 2006b ) and has a major role in isotype switching by B cells. In this study, a significant increase in expression of IL13 was observed on d 7 following infection. In infected poults, the expression level was significantly higher on d 7 compared with the levels on all the other days following infection. The peak IL13 expression by d 7, like that of IFNγ, occured when peak inflammatory activity was observed in the mucosa. Production of IL13 at this time is likely due to intraepithelial lymphocytes as well as mucosal epithelial cells and mast cells (Abbas et al., 2010) . The observation that the increase in CD4+ lymphocytes on d 9 and 11 was not accompanied by an increase in IL13 expression supports development of a Th1-adaptive rather than a Th2-adaptive response to Eimeria infection.
An important regulatory cytokine, IL10 is produced by T cells and macrophages, and its major biological function is the control of innate immune responses and cell-mediated immunity. Interleukin 10 is considered to play a role in preventing the development of Th1 cytokines in chickens (Rothwell et al., 2004) , but an immunostimulatory role has been described recently wherein IL10 is known to induce IFNγ production by NK and cytotoxic T cells (Shibata et al., 1998; Abdul-Careem et al., 2008) . In this study, the level of IL10 expression was found to be significantly elevated on d 4 following infection when mononuclear cell infiltration was already substantially higher in infected poults than in controls. Although the role of this cytokine early in infection is not understood at this time, there are a few reports of IL10 expression in chickens infected with Eimeria species (Hong et al., 2006b; Cornelissen et al., 2009) .
Overall, the infiltration of mononuclear leukocytes, including T helper and cytotoxic lymphocytes, together with the observed cytokine expression patterns in the ceca indicate that a primary E. adenoeides infection in the turkey stimulates inflammatory and cell-mediated immune activities at the site of infection. The cytokine expression profiles during the early phase of Eimeria infection may be attributed to inflammatory activities of local macrophages, injured tissue cells, mast cells, NK cells, intraepithelial lymphocytes, and epithelial cells as well as recruited macrophages and lymphocytes. The arrival of CD4+ and CD8+ lymphocytes on d 9 and 11, together with a variable increase in IFNγ expression, appears to mark the adaptive phase of the response to Eimeria infection in the cecum.
In this study, we documented inflammatory and cellular immune activities and cytokine profiles in ceca of turkeys following a primary infection with E. adenoeides, one of the most pathogenic species of Eimeria that parasitizes the intestine of this host. Alteration in lymphocyte subpopulations and expression of a chemokine and cytokines have not previously been reported for turkeys infected with Eimeria.
